Abstract. The objective of the present study was to formulate stable silver sulfadiazine (SSD) nanosuspensions and nanogels suitable for topical delivery with a view to increase bactericidal activity in burn therapy. SSD nanosuspensions were formulated using the microprecipitation-high-pressure homogenization technique. An optimized microsuspension of 0.5% SSD formulated with 6% Cremophor EL and 4% Lauroglycol 90 was subjected to 30 cycles of 1,000-bar pressure to give a nanosuspension with an average particle size of 367.85 nm. Transmission electron microscopy studies revealed that ovoid-to rectangularshaped SSD particles were present as clusters. It was evident through X-ray diffraction studies that SSD was present in amorphous state both in microprecipitate and in nanosuspension. SSD (0.5%) nanogels were prepared using 1% Carbopol 974 P for topical delivery of nanosized SSD. In vitro release studies demonstrated that SSD release was faster from solutions and nanosuspensions compared to gel formulation owing to the influence of the gel matrix on SSD release. The bacterial inhibitory efficiency of SSD nanosuspension was as good as that of SSD solution against Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa. In vivo studies revealed that a nanogel containing 0.5% SSD was more effective in wound healing compared to 0.5% and 1% marketed cream.
INTRODUCTION
Burn injury is the most severe and traumatic injury. Burn wounds are infected with gram-positive bacteria like Staphylococcus aureus, including methicillin-resistant S. aureus (MRSA); Enterococcus species, including vancomycin-resistant species; and gram-negative bacteria like Escherichia coli, Pseudomonas aeruginosa, Klebsiella species, Enterobacter species, and Proteus species (1) . Infection of burnt surfaces with microorganisms causes delay or nonhealing of the wound which results in mortality. Infection is responsible for 75% of all deaths in patients with burns exceeding 40% of the total body surface area (1) . Appropriate antibacterial therapy needs to be initiated in time to avoid serious damage.
Oral and parenteral antibiotic drugs prescribed in burn wound therapy are not effective to treat the microbial infection. Topical antibiotic therapy is essential for treatment of burns. Silver sulfadiazine (SSD), a drug approved by the Food and Drug Administration, has received widespread acceptance as a topical agent to control bacterial infections in second-degree burn wounds. SSD binds to cell components including DNA and causes membrane damage (2) . It achieves bacterial inhibition by binding to the base pairs in the DNA helix and thus inhibits transcription. In a similar way, it also binds to phage DNA (3) (4) (5) (6) .
SSD is a combination of silver and sulfadiazine. SSD is a polymer wherein each silver ion is tetracoordinated and surrounded by three different deprotonated sulfa molecules; each sulfa molecule in turn binds three different silver ions (7, 8) . Fox and Modak have reported that silver dissociated from SSD was bound by bacteria, and minute amounts of sulfadiazine appeared to be active (3) . When susceptible bacteria are exposed to SSD, structural changes and weakening of the bacterial cell wall and cell membrane result, leading to distortion and enlargement of the cell (9) .
Silver nanoparticles are reported to have improved antimicrobial activity due to the extremely large surface area (6) . Based on the reports, we assume that nanosized SSD can closely interact with microbial colonies due to enhanced surface area. This may promote rapid and complete healing of burn wounds, reducing trauma of the patient. The polymeric nature of SSD attributes to its insolubility in aqueous and organic media. SSD is freely soluble in 30% ammonia solution. Low solubility can result in minimum toxic potential to microorganisms as well as difficulty in incorporating SSD in synthetic/natural polymeric materials to give nanoparticles (8) . Strydom et al. have reported the use of poly (amidoamine) dendrimer complexes with sulfadiazine and silver for bottomup approach to synthesize SSD nanoparticles (10) . It is well established that nanosuspensions are suitable for drugs with poor solubility in aqueous media. Nanosuspensions can provide biological opportunities for site-specific dermal drug delivery owing to small size (11) . Taking into account the solubility of a drug, nanosuspensions are a suitable approach for formulating nanosized SSD. Nanosuspensions can be produced either by controlled nanoprecipitation or by a high-energy particle size reduction method like milling, high-pressure homogenization. The company Baxter introduced a combination technology called Nanoedge™. The patented process uses a combination of precipitation and a second high-energy homogenization step to produce nanosuspensions (12) . Pu et al. present a preparation of 10-hydroxycamptothecin nanosuspension using microprecipitation and a high-pressure homogenization technique (13) . The current study utilizes a combination approach to formulate a stable, uniform SSD nanosuspension. Nanosized particles have increased surface area compared to coarse particles; hence, there is a need for surfactants to stabilize and reduce the surface free energy. It is documented that in order to sufficiently stabilize drug nanosuspension, the surfactant should have sufficient affinity for the particle surface and possess an adequately high diffusion rate to cover the generated surface rapidly (14, 15) . Nanosuspensions can have drug particulates in crystalline or amorphous state. The nanoprecipitation process is reported to yield amorphous suspensions (16, 17) . Amorphous drug nanosuspensions are prone to particle growth due to Ostwald ripening which is a process where the difference in local solubility with particle size leads to a transport of material from small to larger particles, with an accompanying increase in the mean particle size with time. It is reported that it is possible to inhibit the Ostwald ripening process in oil in water emulsions by incorporating a small amount of a second component with a very low aqueous solubility. The incorporation of a second component with low aqueous solubility leads to a difference in composition between large and small particles during the Ostwald ripening process. This difference may counterbalance the driving force for Ostwald ripening and eventually result in a termination (16) . There are reports stating that hydrophobic substances with a low hydrophilic-lipophilic balance (HLB) value act as Ostwald ripening inhibitors (17) . Nonionic stabilizers can be hydrophilic with higher HLB values (8~18) or lipophilic with HLB values in the range 1~8. In the present study, appropriate HLB required to avoid the Ostwald ripening effect and to stabilize nanosized SSD was achieved using a suitable combination of hydrophilic and lipophilic stabilizers.
MATERIALS AND METHOD

Materials
SSD was kindly gifted by Raptakos, Bret and Co. Ltd. and J P N Pharma Pvt. Ltd., Mumbai, India. Stabilizers Cremophor EL (polyoxyl 35 castor oil), Lauroglycol 90 (propylene glycol monolaurate), and Tween 80 (polyoxyethylene sorbitan monooleate) were provided by BASF India Ltd., Mumbai, India; Gattefosse India Ltd., Mumbai, India; and S.D. Fine Chemicals Ltd., Mumbai, India, respectively. Ammonia and acetone, AR grade, were purchased from S.D. Fine Chemicals Ltd., Mumbai, India. Aerosil® R 974 (colloidal silicon dioxide) and Pearlitol ®SD (spraydried mannitol) were provided by Degussa, Mumbai, and Signet Chemical Corporation Pvt. Ltd., respectively.
Preparation of SSD Nanosuspension by MicroprecipitationHigh-Pressure Homogenization Method SSD nanosuspensions were prepared by the microprecipitation-high-pressure homogenization method using a combination of hydrophilic and hydrophobic stabilizers. A batch size of 100 mL was prepared. The formulation prepared contained 6% w/v and 4% w/v of Cremophor EL and Lauroglycol 90, respectively, and 0.5% w/v SSD. Briefly, the solution of Cremophor EL in distilled water, passed through a 0.45-μm filter, was added to 0.5% w/v SSD ammoniacal solution under magnetic stirring at 100 rpm. The solution of 4% Lauroglycol 90 in acetone was quickly added to the aqueous phase. Immediately after addition, ammonia and acetone were removed by heating at 50°C under magnetic stirring at 100 rpm for 4 h. The SSD nanosuspension was obtained by high-pressure homogenization of the microsuspension employing 30 cycles of 1,000-bar pressure (Formula S2; Table I ). The SSD microsuspension prepared with 0.25% w/v SSD was subjected to 15 cycles of 1,000-bar pressure (Formula S1; Table I ). Figure 1 shows a schematic representation of the SSD nanosuspension preparation. The average particle size and polydispersity index of SSD were determined by photon correlation spectroscopy (PCS: Beckman coulter, N5 submicron particle size analyzer). Measurements were carried out at 90°at 25°C. Dispersions were diluted with distilled water to ensure that the light scattering intensity was within the instrument's sensitive range. Distilled water was filtered through a 0.45-μm filter (Pall Life Sciences, Mumbai). SSD suspensions were lyophilized by a freeze-drying machine (Biocryos, Korea) using Pearlitol ®SD as cryoprotectant. SSD suspensions were adsorbed on colloidal silicon dioxide in order to have a sample in dry powder form for Xray diffraction (XRD) studies.
Optimization of SSD Nanosuspension
The nanosuspension was optimized with regard to formulation and process parameters presented in Table I . Two formulations were prepared with combinations of hydrophilic surfactants, 10% w/v of Cremophor EL, and 6% w/v Tween 80 with hydrophobic surfactants, 6% w/v Lauroglycol 90, and 4% w/v Lauroglycol 90, respectively (Formulae S3, S4; Table I ). In order to study the effect of pressure cycles, the microsuspension prepared with 6% Cremophor EL and 4% Lauroglycol 90 was subjected to 30 cycles of 1,200-bar pressure (Formula S5; Table I ).
Analysis of Drug Content
SSD nanosuspensions theoretically equivalent to 250 and 500 μg were measured by volume from 0.25% and 0.5% nanosuspension, respectively, and appropriately diluted with ammonia and methanol. The absorbance values were read in a UV/visible spectrophotometer (JascoV-530 Japan).
Transmission Electron Microscopy
Transmission electron microscopy (TEM) analysis was carried out to evaluate the external morphology of optimized 0.5% SSD nanosuspension. Briefly, a drop of nanosuspension was placed on a 300-mesh-size copper grid, and some of the SSD particles were allowed to stick to the grid. The film was allowed to dry, and the grid was observed under an electron microscope (PHILIPS Model: CM200).
X-ray Diffraction Studies
X-ray diffraction (XRD) patterns were recorded to evaluate the physical state of SSD in optimized 0.5% SSD nanosuspensions. X-ray diffraction patterns of SSD suspensions prior to and after subjecting to high-pressure homogenization were recorded. X-ray powder diffraction patterns of freeze-dried and Aerosil R 974 adsorbed SSD suspensions were recorded on a Philips PW 17291-powder X-ray diffractometer using Ni-filtered, Cu K radiation, a voltage of 40 kV, and a 25-mA current. The scanning rate employed was 1°min −1 over the 5-50°2θ range.
Antibacterial Studies
Zone of inhibition, minimum inhibitory concentration (MIC), and minimum bactericidal concentration (MBC) studies were performed on the formulations.
Zone of Inhibition Studies
Zone of inhibition studies of the SSD formulation were carried out on Mueller Hinton agar plates against S. aureus ATCC number 6538 using the cup plate method. S. aureus suspension with 108 colony forming units was added to Mueller Hinton agar, mixed, and allowed to solidify. After solidification of agar, wells were scooped in each plate using a sterile cork borer. The nanosuspension and ammoniacal standard solution containing 0.5% SSD were evaluated. The positive control plate was prepared with only the media and organism without SSD formulation/standard SSD solution. Three percent ammonia was used as vehicle control. After incubation of the plates at 37°C for 48 h, the zone of inhibition was measured, and the diameter was recorded to the nearest millimeter with the help of a measuring scale.
MIC and MBC Studies
The broth dilution method using Luria Bertani medium was employed to determine the minimal concentration of antimicrobial agent to inhibit or kill the microorganism. Three 96-well microtiter plates were used in the study, one for each bacteria to be tested, namely S. aureus, E. coli, P. aeruginosa. A standard 0.5% SSD ammoniacal solution and two SSD nanosuspensions with 0.25% and 0.5% SSD were evaluated. Based on the references available, samples were appropriately diluted and tested in concentration ranges 15-150, 5-45, and 1-40 ppm against S. aureus, E. coli, and P. aeruginosa, respectively (18) (19) (20) . The MIC of the ammonia solution in the range 0.015-0.75% v/v and stabilizers 4% w/v Cremophor EL and 6% w/v Lauroglycol 90 used in nanosuspensions were tested against all three organisms. The stabilizer solutions were treated in the same way as formulations tested in concentration ranges 110-150, 25-45, and 1-40 ppm against S. aureus, E. coli, and P. aeruginosa, respectively. The plates were incubated for 48 h at 37°C. The optical densities of the contents in the wells were measured in a microplate reader before and after incubation. For MBC measurement, 25 μl of colorless triphenyl tetrazolium chloride (TTC) dye was added to each well. The plate was incubated at 37°C for 24 h. MBC was determined by visual observation of red color.
In Vitro Release Studies
Formulation of SSD Nanogel A topical gel containing 0.5% SSD was formulated using Carbomer 974P as gelling agent. Briefly, 1% Carbomer 974P and 0.1% sodium salt of methyl paraben were added to the nanosuspension containing 0.5% w/v SSD. The mixture was kept aside for 1 h for swelling and was intermittently stirred with a glass rod. Later, a drop of 0.3% ammonia solution was added to neutralize the pH.
Release Study
Diffusion through a dialysis membrane is a widely used technique to evaluate the release from colloidal dispersions and topical formulations (21, 22 ). An SSD marketed formulation contains 1% w/w SSD. The marketed formulation was mixed with equal weight of no drug carbopol gel to give a gel with 0.5% SSD.
In the present study, nanogel (1 g), modified marketed cream (1 g), nanosuspension (1 mL), and ammoniacal solution (1 mL) were evaluated. All the samples evaluated contained 0.5% SSD. Samples were placed in a dialysis bag (molecular weight cutoff, 12,000 Da, Himedia, India) immersed in a beaker with 25 mL phosphate-buffered saline (PBS: pH7.4). The bags were tied with threads at both the ends and suspended in a beaker. The medium was stirred with the help of a magnetic stirrer (Remi equipments, India) at 50 rpm. An aliquot of 1 mL dissolution medium was removed at a series of various points (0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24, 36, and 48 h), and the same volume of fresh dissolution medium was added accordingly. The aliquots were analyzed at 263 nm by UV spectrophotometer.
In Vivo Study
The main purpose of in vivo studies was to evaluate the effectiveness of 0.5% SSD nanogel in treating hot water-induced burn wounds. In vivo efficacy was evaluated on female Sprague Dawley rats (n06). The protocol for the study was approved by the Institutional Animal Ethics Committee of the Bombay College of Pharmacy, Mumbai, India, and the animal handling throughout the experiment was performed in accordance to the Committee for the Purpose of Control and Supervision on Experiments on Animals guidelines. Female Sprague Dawley rats were provided by Glenmark Pharmaceuticals Ltd., Navi Mumbai.
Female Sprague Dawley rats (200-220 g) were divided into five groups of six animals each wherein group 1, 2, 3, and 4 were treated with 0.5% nanogel (quantity applied-500 mg), 0.25% nanogel (quantity applied-1 g), 1% marketed cream (quantity applied-250 mg), and 0.5% modified marketed formulation (quantity applied-500 mg), respectively. Group 5 animals were control animals with no treatment.
Procedure
The dorsum of each Sprague Dawley rat was shaved. The hair on the back of the rats was clipped with a clipper, and the remaining hair was removed using a depilatory. The shaved rats were allowed a rest period of 24 h to recover from any skin injury that might have occurred during shaving of the skin. Burn wounds were inflicted on animals under ketamine HCl (22 mg/ kg body weight, i.m.) anesthesia. The trauma was performed by exposing the shaved backskin of anesthetized animals to hot water. For this procedure, a cylindrical-shaped bar with a radius of 1 cm was placed on the backs of the rats, and then, hot water (95°C) was poured into this bar and held for 120 s. After the formation of standard, second-degree burn wounds, the formulations were repeatedly applied (one application every day) to the burned areas for 14 days post wounding (23) . The wound contraction was calculated as the percentage of the original wound size for each animal of a group. Wound contraction was noted by following the progressive changes in wound area planimetrically, excluding the day of wounding. The size of the wounds was traced on transparent paper throughout the monitoring period. The tracing was then transferred to graph paper from which wound surface area was evaluated (24) . The evaluated surface area was then employed to calculate the percentage of wound contraction, taking the initial size of the wound as 100% by using the following equation: Photographs of the wound surfaces were taken for visual comparison. One-way ANOVA followed by Newman-Keuls multiple comparison posttest was applied to the data.
RESULTS AND DISCUSSION
Preparation of SSD Nanosuspension by MicroprecipitationHigh-Pressure Homogenization Method
Nanosuspensions of SSD were prepared by the combination of microprecipitation and high-pressure homogenization method. A combination of hydrophilic and hydrophobic stabilizers was employed in formulating stable nanosuspensions. Based on preliminary experiments, we concluded that Cremophor EL, when used with Lauroglycol 90, gave a stable SSD microsuspension. Lindfors et al. address the requirement of the miscibility of the Ostwald ripening inhibitor with the dispersion medium and have also demonstrated that when these two components do not mix, inhibition of the ripening is not achieved (16) . With this view, acetone was utilized as solvent and distributing agent for Lauroglycol 90. The SSD microsuspension prepared with 0.25% drug load was subjected to 15 cycles of 1,000-bar pressure. The results are shown in Fig. 2 . There was particle size reduction up to the eighth cycle after which there was insignificant change. The polydispersity index was reduced from an initial value of 1.95 to 0.87 at the end of the 15th high-pressure cycle. The formulation prepared with 0.5% SSD was subjected to 30 cycles of 1,000-bar pressure. With the increase in the SSD load to 0.5% w/v, 25 pressure cycles were required to get the polydispersity index below 1 as seen in Fig. 3 . After the tenth cycle, the particle size did not change significantly. However, the polydispersity index decreased with the increase in homogenization pressure cycles. There was gradual decrease in polydispersity index from an initial value of 1.8 to 0.75 at the end of the 30th cycle. It has been reported that in order to achieve a product of similar size as low concentrated nanosuspension, more cycles (disintegration energy) need to be applied to the highly concentrated suspension (25) . Keck and Muller explain the two-step diminution process in a homogenizer. In the first step, the majority of the particles (bulk population) reach smaller size relatively fast. Further homogenization cycles have little effect on the mean diameter of the bulk but reduce the width of the distribution by eliminating the remaining few large crystals in the second step. Therefore, even when the mean diameter of the bulk population has reached its minimum and stays constant, additional homogenization cycles improve the homogeneity of the population which further reduces the potential effects of Ostwald ripening (26) . The results obtained after high-pressure homogenization are in agreement to both the observations reported.
Optimization of SSD Nanosuspension
The SSD formulation (0.5%) was optimized with regard to formulation and process parameters. With the process parameters controlled, an increase in the concentration of Cremophor EL as well as Lauroglycol 90 to 10% and 6%, respectively, as in Formula S3 (Table I) did not give nanosuspensions with a polydispersity index less than 1 as shown in Fig. 3 . As 1,000-bar pressure cycles increased from 0 to 30, there was a decrease and then apparent increase in particle size and polydispersity index. At the 20th cycle, the particle size and polydispersity index had reduced to 251.6 nm and 0.81 from 325 to 1.01, respectively. Similar particle size distribution was obtained after subjecting formula S2 to 30 cycles of 1,000-bar pressure. It can be inferred that when other parameters are kept constant, an increase in surfactant concentrations requires a lesser number of pressure cycles to obtain a similar particle size and polydispersity index. However, a further increase in pressure cycles to 30 increases particle size and polydispersity index. Figure 3 shows that after 30 cycles of 1,000-bar pressure, a combination of 6% w/v Tween 80 and 4% w/v Lauroglycol 90 yielded 327.5-nm-sized SSD particles, but the polydispersity index was more than 1. The hydrophilic stabilizer, Tween 80, selected to stabilize the suspension, was not effective enough and exhibited polydispersity index 1.29 even after 30 pressure cycles of 1,000 bars. In the case of the high-pressure homogenization method, pressure cycles play an important role in determining the particle size characteristics. In order to study the effect, the SSD microsuspension prepared using 6% w/v Cremophor EL and 4% w/v Lauroglycol 90 was subjected to 30 cycles of 1,200-bar pressure (Formula S5, Table I ). The results are shown in Fig. 3 . A comparison was made with nanosuspension formula S2. It was observed that the increase in homogenization pressure to 1,200 bars did not show any significant difference in particle size and polydispersity index seen in nanosuspension formula S2. It was concluded that 30 cycles of 1,000-bar pressure is the Fig. 2 . Particle size distribution of formulation S1. Bars represent particle size data, and lines represent polydispersity index data Fig. 3 . Particle size distribution of S2, S3, S4, and S5 formulations. Bars represent particle size data, and lines represent polydispersity index data optimum pressure cycle required to produce 0.5% SSD nanosuspension with 6% Cremaphor EL and 4% Lauroglycol 90.
Analysis of Drug Content
The assay of 0.25% and 0.5% nanosuspensions showed that the calculated contents of SSD correlated with the values of theoretical content in the system. All the SSD present in the system was accounted for in the assay.
Transmission Electron Microscopy
TEM studies were done on 0.5% SSD nanosuspension to get more insight of the system. The SSD nanoparticles were found to be ovoid-to rectangular-shaped and seen as clusters as shown in Fig. 4 . The particle size obtained by TEM was 50 nm. However, PCS studies showed an average particle size of 367 nm. A polydispersity index of 0.75 indicates broad particle size distribution. PCS is based on the dynamic light scattering technique which could explain the larger size in PCS studies.
X-ray Diffraction Studies
SSD is a highly crystalline molecule. A strong intense peak of SSD crystal has been reported at 10.20° (27) . A characteristic sharp peak at around 10.18°was observed in the XRD spectrum of the SSD sample. XRD patterns recorded for freeze-dried and Aerosil R 974 adsorbed powder did not show sharp peaks of crystalline SSD indicating the presence of the amorphous state of SSD as shown in Fig. 5 . A less intense peak at 10.18°was observed in all the spectra which indicates significant loss of crystallinity in the SSD nanosuspension both prior to and after subjecting to high-pressure homogenization. SSD was in an amorphous state after microprecipitation prior to high-pressure homogenization. Based on the results obtained, we can conclude that the high-pressure homogenization process did not change the physical nature of SSD in the suspension. However, there are reports stating that when a precipitated particle suspension is subsequently homogenized, the "annealing" process converts all precipitated particles to crystalline material. Keck and Muller report that in such a case, drug nanocrystals possess a definite crystalline state (26) . In another report of the research work by Pu et al., XRD spectra of lyophilized 10-hydroxy camptothecin nanosuspension, prepared by the combination of microprecipitation and high-pressure homogenization methods, showed the absence of crystalline peaks of the drug indicating its amorphous nature after freeze-drying (13) . Results obtained in the current study are in agreement with this report.
Antibacterial Studies
Zone of Inhibition Studies
The inhibitory activity of SSD was determined against S. aureus. After incubation for 48 h, matted growth was obtained on the positive control plate which confirms the growth of microorganisms and the suitability of the medium and experimental conditions in the study. Distinct zones of inhibition were obtained for the SSD nanosuspension and SSD standard solution. The SSD formulation showed a 15-mm zone whereas the SSD ammoniacal solution showed 33.5 mm zone size (Table II) . However, 3% ammonia solution, the vehicle in the SSD standard solution, showed a 30-mm zone. On accounting for vehicle control, i.e., subtracting the values obtained by SSD ammoniacal solution and 3% ammonia solution, 3.5 mm is the zone size for SSD standard drug solution. Since the zone of inhibition of the SSD nanosuspension is greater than that of the standard solution, we can infer that the antibacterial activity of the formulation is superior to the drug solution probably owing to close interaction of nanosized silver with S. aureus.
MIC and MBC Studies
The broth dilution method used in the present study gives an advantage of using the same wells for MIC and MBC determinations. MIC, the lowest concentration of nanoparticles that inhibits growth of bacteria, was determined. Luria Bertani broth was used in the present study as it supports growth of S. aureus, E. coli, and P. aeruginosa (28) . Cremophor EL (6% w/v) and Lauroglycol 90 (4% w/v) were treated similar to the formulations tested for MIC. The MIC value of SSD formulations and solution was found to be less than 15 ppm which was the lowest concentration used in the study against S. aureus. Cremophor EL (6% w/v) did not show any inhibitory activity against S. aureus. However, ammonia and 4% w/v Lauroglycol 90 solution showed a MIC value 0.75% and concentration equivalent to <110 ppm formulation, respectively (Table III) . Therefore, there could be some contribution of Lauroglycol 90 and ammonia in the MIC value of SSD formulations and solution, respectively. MIC values obtained against E. coli were less than 5 ppm for the SSD solution and formulations which was the lowest concentration of SSD used in the present study against E. coli. Ammonia displayed inhibitory activity at 0.15% concentration. The inhibitory activity of ammonia may contribute to the MIC of 0.5% w/v SSD ammoniacal solution. The MIC value of the formulation and solutions was found to be same for SSD against S. aureus and E. coli. Thirumurugan et al. have compared the MIC values of silver nanoparticles synthesized from Phytophthora infestans and silver nitrate solution against E. coli and S. aureus. Silver nanoparticles gave lower MIC readings compared to solubilized silver in silver nitrate solution Fig. 4 . Morphology of SSD nanosuspension using transmission electron microscopy (29) . SSD nanosuspensions and solution showed the same MIC value of 10 ppm against P. aeruginosa. Surfactants and ammonia did not display any inhibitory activity. However, with P. aeruginosa, in vitro sensitivity does not consistently predict therapeutic efficacy in experimentally infected burned rats (9) . MIC studies by broth dilution method indicate the prevention of growth of microorganisms in the presence of an antibacterial agent. There is no indication that microorganisms have been killed by an antimicrobial agent. The presence of viable microorganisms was tested using colorless TTC dye.
MBC value was considered as the lowest concentration of the formulation giving colorless well after incubation. The SSD (0.5%) nanosuspension and solution showed 30 and 20 ppm MBC value, respectively against S. aureus. The minimum bactericidal concentrations of 0.25% and 0.5% SSD nanosuspension against E. coli were found to be 30 and 25 ppm, respectively, as seen in Table III , whereas the 0.5% SSD solution showed higher activity with MBC of 15 ppm against E. coli. Interaction of solubilized SSD was more than nanosized SSD against E. coli. SSD (0.25%) nanosuspension and 0.5% SSD solution showed an equivalent bactericidal activity with MBC of 10 ppm whereas the 0.5% SSD nanosuspension showed lower activity with a higher MBC value of 20 ppm against P. aeruginosa. It is expected that both nanosized SSD formulations would show equivalent activity. Ammonia and surfactant solutions did not exhibit any bactericidal activity against all organisms. SSD serves as a reservoir of silver and slowly liberates silver ions. It has been reported that the bactericidal effect of silver nanoparticles has been attributed to their small size and high surface-to-volume ratio, which . X-ray diffraction patterns of SSD in microsuspension and nanosuspension. SSD silver sulfadiazine; Pearlitol SD, fd-bhph freeze-dried sample of SSD suspension before subjecting to high-pressure homogenization; fd-ahph freeze-dried sample of SSD suspension after subjecting to high-pressure homogenization; a-bhph Aerosil R 974 adsorbed sample of SSD suspension before subjecting to high-pressure homogenization; a-ahph Aerosil R 974 adsorbed sample of SSD suspension after subjecting to high-pressure homogenization SSD silver sulfadiazine allows them to interact closely with microbial membranes and is not merely due to the release of metal ions in solution. It is also published that the bactericidal effect of silver nanoparticles decreases as the size increases (30) . SSD nanosuspensions are expected to exhibit bactericidal activity at least equivalent to that of the SSD solution. Surprisingly, the results obtained were not in agreement with the report.
In Vitro Release Studies
Homogenous, smooth SSD nanogels were prepared using Carbopol 974 P as gelling agent. In order to compare release profiles of 0.5% SSD nanogels with marketed formulation, 1% marketed cream was diluted with Carbopol gel to 0.5%. Nascimento et al. have reported the use of a dialysis bag to determine SSD release from chitosan gels and marketed cream (22) . PBS was used as a medium to analyze SSD release from SSD chitosan wound dressings (31) . Based on the references available on in vitro release studies of SSD formulations, a diffusion technique using PBS pH7.4 medium was employed in the present study. SSD release from 0.5% SSD nanogel and 0.5% SSD modified marketed formulation was compared. SSD nanosuspension and ammoniacal solution were used as control. The results are shown in Fig. 6 . Initially, up to 3 h, SSD release from SSD nanogel was slow compared to the release from modified marketed formulation. SSD release from nanogel and marketed formulation were 11.89% and 15.57%, respectively, at 3 h. However, as time progressed, the release from nanogel was fast compared to marketed preparation. At the end of 48 h, 42.79% SSD was released from SSD modified marketed formulation whereas an equivalent amount (45.5%) was released from SSD nanogel at the end of 24 h. Faster release may be due to large surface area of nanosized SSD present in nanogel, increasing its dissolution velocity. We can infer that in comparison to marketed formulation, there was an increase in the release of SSD from nanogel which would result in improved antimicrobial activity. An unpaired t test was applied to the release data. Statistically significant difference was observed on comparing the release data of SSD from nanogel and marketed formulation at 12-, 24-, 36-, and 48-h time points (P<0.05). At the end of the study, SSD released from nanosuspension and ammoniacal solution was 73.65% and 90.53%, respectively. It is reported that the release of an active substance from formulation and its penetration through the diffusion barriers is inversely related to viscosity of the formulation (32) . Therefore, SSD release from nanosuspension was significantly high compared to SSD nanogel (P<0.05). Since SSD is in solubilized state in ammoniacal solution, the diffusion through the dialysis membrane is faster compared to the nanosuspension and gel formulations (P<0.05).
In Vivo Study
Second-degree burn wounds were induced by adding hot water into the metal mold placed on the dorsal surface of rats. The quantity of preparation applied was such that the amount of drug delivered to the burn wound site was constant. Animals were treated with 500 mg of 0.5% SSD nanogel, 0.5% SSD modified marketed formulation. One gram of 0.25% SSD nanogel and 250 mg of 1% SSD marketed cream were applied. Burn wounds were traced every day for 14 days. Comparison among groups was done on the basis of wound size on the particular day. The initial wound size before application of formulations was taken as 100%. The results of percent wound size on days3, 6, 9, 12, and 14 are shown in Fig. 7 . At the end of the study, the wound contraction observed by treatment with 0.5% SSD nanogels (P<0.05) and 1% SSD marketed cream (P<0.05) was significantly higher than that of the control group. The wound size of animals treated with 0.25% SSD nanogels and 0.5% SSD modified marketed formulation was less compared to the control group though not statistically different. Therefore, we can conclude that 0.5% SSD nanogel and 1% SSD marketed cream were effective in healing burn wounds. On day3, the mean wound size of animals treated with 0.5% SSD nanogel and 1% marketed SSD cream was 70.41% and 78.66%, respectively, whereas 0.25% SSD nanogels reduced the wound size to only 94.21%. There was no wound contraction observed in animals treated with 0.5% modified marketed preparation till day3. On applying statistics, a significant difference was observed in wound size of animals treated with 0.5% SSD nanogel and 0.5% marketed formulation (P<0.05). Similarly, on day9, 0.5% nanogel exhibited better activity compared to marketed formulations (P<0.05). The wound size observed by treatment with 0.5% nanogel was 32% whereas with 1% marketed and 0.5% modified marketed formulations, the wound size was 66.5% and 67.6%, respectively. The wound size observed on treatment with 0.25% SSD was 52.5%. On day6 and 12, wound contraction was observed in all groups; however, there was no statistically significant difference in the wound size. Treatment with 0.5% SSD nanogel and 0.5% SSD modified marketed formulation reduced the wound size to 8.18% and 31.01%, respectively, on the 14th day, the last day of the study. There was significant difference in the wound contraction (P<0.05). The wound size observed on treatment with 1% marketed cream and 0.25% SSD nanogels was 15.16% and 27.68%, respectively. This establishes the fact that 0.5% SSD nanogel is more efficient than the marketed formulation prepared with same concentration of SSD. Wound healing rate of 0.5% SSD nanogel is higher than conventional marketed cream. It was reported in an article by Fox and Modak that the efficacy of silver sulfadiazine results from its slow and steady reactions with serum and other sodium chloride-containing body fluids, which permits the slow and sustained delivery of silver ions into the wound environs (3). Small size and large surface area of released nano silver aids in closer interaction with bacteria. Therefore, 0.5% SSD nanogel shows higher activity than marketed formulation with micron-sized drug particles. However, 0.25% SSD nanogels where the quantity of application was large showed lesser wound contraction compared to 0.5% SSD nanogels and 1% SSD marketed cream. This could be due to the slow and less diffusion through the thick layer of 1 g applied onto the burnt surface. Based on the results, it can be concluded that 0.5% SSD nanogels shows enhanced wound healing activity compared to marketed preparations. The results obtained by in vivo studies were satisfactory. Representative photographs of wounds of different groups 1-5 on day1 and 14 are shown in Fig. 8 .
CONCLUSION
Stable SSD nanosuspensions were prepared with a combination of hydrophilic and hydrophobic stabilizers, Cremophor EL and Lauroglycol 90, using microprecipitation-highpressure homogenization technique. SSD nanogels were prepared for topical delivery of nanosized SSD using Carbopol as gelling agent. SSD nanosystems exhibited improved antibacterial activity against pathogens commonly invading burn wounds. The wound healing activity of SSD nanogel was superior to that of SSD marketed cream in hot water-induced burn wounds in female Sprague Dawley rats. SSD nanogels show good potential for faster burn wound healing which will reduce the trauma of the patient. SSD nanosuspensions and nanogels are promising systems to provide relief to patients suffering from large-surface-area burns.
